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Abstract 
Khellin, a furochromone structurally related to furocoumarins, is a phototherapeutic agent used against psoriasis and 
vitiligo. This paper eports that pretreatment of HeLa cells with pertussis toxin reverses both the inhibition of NaF-stimu- 
lated adenylyl cyclase activity and the stimulation of GTPase by khellin alone and plus UVA light, as previously reported. 
Our results demonstrate, for the first time, that khellin is able to elicit an intracellular response by Gi a protein. 
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1. Introduction 
The phototherapeutic a tivity of furocoumarins 
(psoralens) in various skin diseases (vitiligo, psoria- 
sis, cutaneous T-cell lymphoma) is undoubtedly due 
to their activity in forming photoadducts with DNA. 
However, mounting experimental evidence clearly 
indicates that their activity is mediated at the level of 
the cell membrane, as supported by the occurrence of 
a cell membrane receptor [1] and the involvement of 
different second messengers [2-4] or their analogues 
[5]. 
Khellin, a naturally occurring furochromone, struc- 
turally related to furocoumarins, i  a phototherapeutic 
agent against psoriasis and vitiligo [6-9]; it is a poor 
producer of DNA photoadducts, has no photody- 
namic effect [10] and its photomutagenic effect is 
very weak [11]. 
* Corresponding author. Fax: + 39 577 298084. 
Using HeLa ceils, a cell line in which important 
advances in knowledge of the mechanism of action of 
psoralens have been made, such as the discovery and 
purification of a membrane psoralen receptor [12,13] 
we demonstrated [14] that khellin inhibits NaF- 
stimulated adenylyl cyclase as well as ADP-ribosyla- 
tion of the cr subunit of guanine nucleotide regula- 
tory (Gi protein) catalyzed by pertussis toxin (PT) 
and, simultaneously, increases the GTPase activity of 
HeLa cells. All these elements indicated the involve- 
ment of Gi protein, while the failure of khellin to 
inhibit basal enzymatic activity (i.e. the catalytic 
subunit of adenylyl cyclase) excluded a direct in- 
hibitory effect of the drug on the enzyme. The recep- 
tor-dependent i hibition of adenylyl cyclase is known 
to be mediated by specific Gi protein which like all 
regulatory G-protein, consists of three distinct sub- 
units a, /3, y. Activation of Gi protein by an agonist 
occupied receptor esults in an exchange of bound 
GDP for GTP in the ol-subunit which then dissociates 
from the /3-y subunits complex [15]. 
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A typical feature of the heterotrimeric Gi protein is 
that it is ADP-ribosylated by PT at the level of the 
cysteine residue localized in the terminal region of 
the a subunit of Gi protein, responsible for the 
interaction with the receptor [16]. 
In these conditions, the stimulus of the agonist-oc- 
cupied receptor on the heterotrimeric Gi protein fails 
to produce the dissociation of the a subunit from the 
/3-y subunits complex as well as the exchange of 
bound GDP for GTP. Therefore no signal transduc- 
tion takes place. 
To examine further the possible mediation of Gi 
protein in the molecular mechanism of action of 
khellin we investigated whether the pretreatment of 
HeLa cells by PT could reverse both the inhibitory 
effect of khellin on adenylyl cyclase activity and the 
increase of GTPase activity. 
2. Materials and methods 
2.1. Cell treatment 
HeLa cells (4 × 10 6 placed on 9 cm plastic Petri 
dishes) were grown in Dulbecco's modified Eagle's 
medium (DMEM) supplemented with 10% fetal calf 
serum, 100 U/ml  of penicillin G and 100 U/ml  of 
streptomycin, at 37°C in a controlled humidified in- 
cubator in 5% CO 2. After 72 h, the monolayers of 
HeLa cells were washed twice with serum-free 
DMEM and incubated again at 37°C for 30 min in 
the same medium after either treatment without or 
with khellin 5 /zM, final concentration. Stock solu- 
tions of khellin were prepared by dissolving it in 
absolute ethanol (5 × 10 -2 M) and dilutions with 
serum-free DMEM were made prior to its addition to 
the cells. After 30 min, following washing, a series of 
cell culture dishes were kept in the dark, while the 
others, with the top removed, were irradiated with 
UVA light (320-400 nm) with a peak emission at 
366 nm. The UVA source consisted of four black-light 
tubes (purchased from Helios Italquarz, Milan) placed 
20 cm above the culture dishes. The incident light 
was measured with a Centro UVMe/3ger~it OSRAM 
International Light UV-radiometer; no significant 
amount of UVB radiations was emitted by the black 
light tubes, using a UVB probe. In all experiments, 
cells were exposed to 2 J /cm 2. During the khellin 
treatment irradiation (10 min), the cells were covered 
with phosphate-buffered saline (PBS). Controls are 
the cells without khellin treatment and without irradi- 
ation. At the end of the exposure period, the cells 
were used for the preparation of membranes. 
The viability of the cells, as assayed by Trypan 
blue exclusion (95% under control conditions), was 
unaffected by khellin and by UVA irradiation [17]. 
2.2. Cell treatment with Pertussis toxin 
PT solution (1 mg/ml) was added to the culture 
dishes, to achieve a final concentration f 100 ng/ml, 
6 h before cell treatment with khellin and UVA light 
as reported above. 
2.3. Membrane preparation 
Cells were harvested by scraping in ice-cold PBS 
and then pelleted at 3000 rpm for 15 min at 4°C. The 
cells were placed for 5 min in hypotonic buffer 
consisting of 50 mM Tris-HC1 (pH 7.6), and homoge- 
nized with a Dounce glass-glass (35 strokes). After 
centrifugation at 23 000 × g for 20 min at 4°C, the 
pellet was resuspended in 50 mM Tris-HC1 (pH 7.6), 
to yield a membrane fraction containing 2 /zg of 
proteins per ml as determined by the method of 
Bradford [18]. The fraction was used promptly (to 
evaluate adenylyl cyclase activity) or after storage at 
-70°C (to evaluate ADP-ribosylation and GTPase 
activity). 
2.4. Adenylyl cyclase assay 
Adenylyl cyclase activity in basal and NaF stimu- 
lated (10 mM) conditions was measured with the 
commercially available radio-immunoassay kit 
(Cyclic AMP[-3H] assay system) of Amersham. 
2.5. ADP-ribosylation and GTPase assays 
ADP-ribosylation and GTPase assays were per- 
formed as previously described [14]. 
3. Results and discussion 
Fig. 1 (lanes 1-4) shows the digitalized image of 
SDS-polyacrylamide g l electrophoresis of non-PT- 
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Fig. 1. SDS-polyacrylamide g l electrophoresis of membranes 
obtained from normal and P'[ pretreated HeLa cells after [32p] 
ADP-ribosylation by PT. Cell cultures were treated without PT or 
with PT as described in Section 2. Controls are the cells without 
khellin treatment and without irradiation. Both cell cultures were 
treated with the indicated concentrations of khellin with or 
without UVA light (2 J/cm2). Membranes (50 /zg of proteins), 
obtained from treated HeLa cells, and ROS (rod outer segments) 
membranes (20 /xg) used as an internal standard, were incubated 
at 37°C for 1 h with PT in 150 /~1 of a reaction mixture 
containing 1.12 /xM [32p]NAD. The radiolabelled proteins were 
analysed by Phosphorlmager 400. Membranes obtained from 
cells pretreated without PT: control (lane 1), UVA light (lane 2), 
5 /zM khellin (lane 3), 5 /xlVl khellin plus UVA light (lane 4). 
Membranes obtained from HeLa cells pretreated with PT: control 
(lane 5), UVA light (lane 6), 5 /xM khellin (lane 7), 5/xM khellin 
plus UVA light (lane 8), ROS membranes (lane 9). Similar 
results were obtained in two other experiments. 
pretreated cell membranes after 32p ADP-ribosylation 
by PT. The 32p radioactivity is incorporated into a 
41-kDa protein which is considered to be the o~ 
subunit of Gi protein; as previously demonstrated 
[14], khellin, alone or plus UVA light, clearly inhibits 
ADP-ribosylation. When membranes prepared from 
HeLa cells pretreated wiith PT were assayed for PT- 
dependent ADP-ribosylation, no labeling band with a 
molecular mass of 41 l(Da was evident (lanes 5-8). 
This result is consistent with ADP-ribosylation by 
PT of heterotrimeric Gi protein in intact cells. Pertus- 
sis toxin is able to enter mammalian cells and to 
ADP-ribosylate Gi protein using endogenous NAD 
[19]. The ADP-ribosyl bonds are so stable as to be 
retained in the protein in isolated membranes and no 
further ADP-ribosylation occurs if these membranes 
are then incubated with the same PT, 32p and khellin. 
This blockage of the Gi protein in the form of a 
heterotrimere also influences the effect that khellin 
has on adenylyl cyclase and GTPase activity (see 
Table 1). 
In fact the inhibition of adenylyl cyclase by khellin, 
alone or plus UVA, detected in normal cells does not 
occur in cells pretreated with PT, where the lack of 
released Gi o~ seems to prevent he transduction of 
the signal given by khellin. 
Since the activation of G protein results in the 
hydrolysis of GTP, the measurement of GTPase ac- 
tivity represents a means by which the role of G 
proteins in signal transduction can be investigated. 
The table shows that the previously demonstrated 
[14] stimulatory effect of khellin, alone and plus 
UVA light, on GTPase activity is abolished in cells 
pretreated with PT. ADP-ribosylation of the o~ sub- 
unit appears to result in a decrease of intrinsic GT- 
Pase activity since the site of ADP-ribosylation is 
close to a domain responsible for the interaction with 
the y-phosphate of GTP [20]. 
The present study reports that cell treatment with 
PT reverses both the inhibition of NaF-stimulated 
adenylyl cyclase and the increase of GTPase, and 
confirms the involvement of Gi protein in the molec- 
ular mechanism of action of khellin. Because the 
Table 1 
Effect of PT on inhibition of adenylyl cyclase and on stimulation of GTPase by khellin, UVA light and a combination of the two 
Adenylyl cyclase activity (cAMP pmol/min 
per mg protein) 
GTPase activity (Pi pmol/min 
per mg protein) 
without PT with PT without PT with PT 
Additions Basal NaF Basal NaF 
Control 27 _+ 2.2 120 +_ 8.7 36 ___ 1.0 125 + 13.0 20.7 _+ 0.8 14.0 _+ 0.8 
UVA 26 _+ 1.6 140 + 7.9 35 _+ 2.2 141 +_ 9.3 24.7 _ 1.6 16.1 +_ 1.1 
Khellin 5/xM 28 _+ 1.6 90 _+ 5.4 * 32 +_ 2.3 122 _+ 8.8 30.4 _+ 1.7 * * 17.3 +_ 2.2 
Khellin 5/zM + UVA 23 + 1.7 62 + 3.5 * * 31 + 2.5 133 4- 9.0 36.6 +_ 1.8 * * 13.9 + 1.7 
Cell cultures were treated without PT or with PT as described in Section 2. Both cell cultures were treated with the indicated 
concentrations of khellin with or without UVA light (2 J/cm2). Membranes were prepared from control and treated cultures and assayed 
for adenylyl cyclase activity and GTPase activity as described in Section 2. The specific activities of basal and NaF stimulated adenylyl 
cyclase as well as GTPase are reported. Values represent the mean _+ SE of 12 measurements (4 assays in 3 separate xperiments. NS: 
* P < 0.01; * * P < 0.001, compared to control. 
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effect of khellin on the adenylyl cyclase system bears 
several similarities to the receptor-mediated action of 
hormones we can suppose that khellin is able to elicit 
its intracellular cascade response through an interac- 
tion with a receptor and by the mediation of Gi 
protein. 
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